Mutations in the X-linked cyclin-dependent kinase-like 5 (CDKL5) gene cause a complex neurological disorder, characterized by infantile seizures, impairment of cognitive and motor skills and autistic features. Loss of Cdkl5 in mice affects dendritic spine maturation and dynamics but the underlying molecular mechanisms are still far from fully understood. Here we show that Cdkl5 deficiency in primary hippocampal neurons leads to deranged expression of the alpha-amino-3-hydroxy-5-methyl-4-iso-xazole propionic acid receptors (AMPA-R). In particular, a dramatic reduction of expression of the GluA2 subunit occurs concomitantly with its hyper-phosphorylation on Serine 880 and increased ubiquitination. Consequently, Cdkl5 silencing skews the composition of membrane-inserted AMPA-Rs towards the GluA2-lacking calcium-permeable form. Such derangement is likely to contribute, at least in part, to the altered synaptic functions and cognitive impairment linked to loss of Cdkl5. Importantly, we find that tianeptine, a cognitive enhancer and antidepressant drug, known to recruit and stabilise AMPA-Rs at the synaptic sites, can normalise the expression of membrane inserted AMPA-Rs as well as the number of PSD-95 clusters, suggesting its therapeutic potential for patients with mutations in CDKL5.
Introduction
Mutations in the X-linked serine/threonine kinase cyclindependent kinase-5 (CDKL5) gene are known since 2003 to cause severe neurodevelopmental disorders, referred to as CDKL5 deficiency disorder (CDD). Patients with CDD are characterized by the onset of intractable seizures in the first months after birth, which are accompanied by intellectual disabilities, autistic features, strong hypotonia, sleep disturbances, and gross motor dysfunctions (1, 2) .
Mouse models with the complete loss of Cdkl5 have been generated and their face validity for CDD is widely recognized (3) . Indeed, Cdkl5-KO mice mirror various symptoms of the human pathology such as cognitive deficits, impaired motor control, and autistic-like features (4) (5) (6) . However, differently from humans, no spontaneous seizures have been reported in Cdkl5-KO mice even if an increased seizure susceptibility to NMDA was recently described (7) .
The molecular basis of the abovementioned symptoms linked to loss of CDKL5 is still far from fully understood. However, growing pieces of evidence obtained with Cdkl5-KO mice and primary neurons silenced for Cdkl5 expression have accumulated in the last years suggesting a direct role of CDKL5 in controlling synaptic plasticity. The protein is highly abundant in brain where its timing of expression correlates with neuronal maturation (8) . Moreover, in neurons CDKL5 dynamically translocates from the nucleus to the cytoplasm where its specific localization and levels are finely tuned by neuronal activity (9, 10) . CDKL5 is readily detectable in dendritic spines where its synaptic accumulation appears to be regulated both by the dendritic targeting of its mRNA, which undergoes local activity-dependent translation, and through its interaction with post-synaptic density protein 95 (PSD-95) (10) (11) (12) . In accordance with these data suggesting the involvement of CDKL5 in molecular pathways that regulate synaptic maturation and functioning, Cdkl5 deficiency affects dendritic spine morphology and excitatory functions in vivo and in vitro. As a matter of fact, neurons devoid of Cdkl5 are characterized by filopodia-like immature dendritic spines, reduced excitatory synaptic puncta, decreased amplitude and frequency of miniature excitatory post-synaptic currents (mEPSCs), and impaired long-term potentiation (LTP) (11) (12) (13) . Such defects are likely to underlie the cognitive impairment and autistic-like features that are caused by CDKL5 dysfunctions but the rational design of therapeutic strategies for patients with CDD still necessitates a further comprehension of the molecular network belonging to CDKL5 in dendritic spines.
In the current study we show that Cdkl5 deficiency leads to deranged AMPA-R expression. AMPA-Rs mediate most fast excitatory synaptic transmission of the nervous system and are one of the key determinants of synaptic strength and plasticity (14) . These glutamatergic receptors are homo-or hetero-tetrameric assemblies made up of combinations of the four subunits GluA1-GluA4. In the adult hippocampus and cortex GluA1-GluA2 hetero-dimers are the predominantly expressed ones. The precise number and subunit composition of AMPA-Rs determines the efficacy and dynamics of AMPA-R mediated synaptic signalling. The number of synaptic AMPA-Rs is extensively regulated through trafficking and degradation under basal conditions and in response to neuronal activity depending on subunit specific post-translational modifications and interacting proteins. The fine-tuning of AMPA-R synaptic expression, trafficking and activity is necessary for proper brain function and many neurological disorders can be linked to synaptic dysfunctions caused by AMPA-R deregulation. For example, AMPA-R subunit variants and altered expression have been associated with mental retardation and dementia (15, 16) . It is worthwhile mentioning that altered AMPA-R mediated neurotransmission has been linked to autism spectrum disorders (17) (18) (19) .
Here we show several pieces of evidence linking Cdkl5-associated synaptic defects to aberrant AMPA-R expression. In particular, we find that silencing of Cdkl5 expression in hippocampal neurons has a particularly strong impact on GluA2 levels leaving those of GluA1 less affected. This leads to an apparent imbalance in AMPA-R subunit composition, which we hypothesise may underlie some of the synaptic defects in Cdkl5-deficient neurons. Interestingly, we found that tianeptine, a cognitive enhancer and antidepressant drug known to stabilise AMPA-Rs at the synaptic sites (20) , rescued the expression of surface-bound AMPA-Rs and PSD-95, suggesting its therapeutic potential for patients with mutations in CDKL5.
Results
Cdkl5 deficiency specifically influences the expression of the GluA2 AMPA-R subunit
To get further insight into the molecular causes of the cognitive impairment and synaptic defects characterizing CDD, we decided to analyse whether CDKL5 might play a role in regulating AMPA-R expression. To this aim, we silenced primary hippocampal neurons prepared from E17 mouse embryos for Cdkl5 expression with lentiviral particles expressing either of three shRNAs against Cdkl5 or, as control, LacZ ( Fig. 1A and B ; Supplementary Material, Fig. S1 ). Total protein levels of GluA1 and GluA2, which are the predominant AMPA-R subunits in hippocampal neurons, were analysed through western blotting (WB) after 16-18 days in vitro (DIV) when neurons under our culture conditions have reached the mature state (10) . Interestingly, while GluA1 expression was unaltered (P > 0.05), Cdkl5 knock-down significantly reduced GluA2 levels (sh#1 0.46 6 0.10, P ¼ 0.0003; sh#2 0.47 6 0.10,
This result was further confirmed through immunofluorescence of silenced neurons stained with antibodies against either GluA1 or GluA2, together with GFP and MAP2, allowing to distinguish infected neurons and dendritic branches, respectively ( Fig. 1C and D) . Indeed, GluA2 staining was significantly reduced (sh#1 0.78 6 0.04, P ¼ 0.0125; sh#2 0.70 6 0.07, P ¼ 0.0021) whereas that of GluA1 was not significantly altered (P > 0.05).
To understand whether the observed GluA2 downregulation is caused by a transcriptional alteration we analysed GluA2 mRNA levels in silenced neurons through RT-qPCR analysis. As shown in Figure 1E , we did not observe any significant change in GluA2 transcript levels (P > 0.05) indicating that the observed reduction in GluA2 protein expression relies on a post-transcriptional mechanism.
In line with the fundamental role of GluA2 AMPA-R subunits in controlling synaptic activity, its dynamics and turnover are finely regulated in neurons (14) . This AMPA-R subunit undergoes constitutive endosomal trafficking, a process that is influenced by its post-translational modifications and through its association with protein partners interacting with the intracellular C-terminal domain (CTD). In particular, phosphorylation of GluA2 Serine 880 (S880) within the CTD represents a key mechanism to control the internalization of GluA2 containing AMPA-Rs that can undergo subsequent ubiquitination and degradation (21) (22) (23) (Fig. 2A) . We therefore decided to evaluate through WB the ratio between phosphorylated and total GluA2 levels in Cdkl5 deficient neurons ( Fig. 2B and C) . Interestingly, Cdkl5 knock-down resulted in a significant increase in S880 phosphorylation (S880 P ) with respect to control neurons (sh#1: 2.11 6 0.17, P ¼ 0.003; sh#2: 2.27 6 0.26, P ¼ 0.0012) suggesting the presence of an increased intracellular pool of GluA2 containing receptors that might be differently sorted upon internalization. The sorting of internalized GluA2 containing AMPA-Rs towards lysosomal degradation depends on the sitespecific ubiquitination of the single subunits (24) . To analyse the ubiquitination level of GluA2 in Cdkl5 deficient neurons we performed immunoprecipitation assays with anti-ubiquitin antibodies on lysates of primary hippocampal neurons silenced for Cdkl5 (sh#2) or, as control, with shLacZ and blotted the lysates and immunocomplexes with specific antibodies against GluA2 ( Fig. 2D and E) . High-molecular-weight forms of GluA2 could be (D) Quantification of GluA1 and GluA2 intensity in silenced neurons. Data are presented as mean 6 SEM, n ! 3 independent experiments. (E) Quantification of Cdkl5 and GluA2 mRNA levels in neurons silenced for Cdkl5 (sh#1 and sh#2; DIV16); Gapdh was used as internal standard. n ¼ 4 independent experiments. Data in B, D and E are presented as fold change compared with the control, shLacZ, indicated with the black line (mean 6 SEM). Statistical analysis: One-way ANOVA followed by Dunnetts's multiple comparison test; shCDKL5 versus shLacZ: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. detected in both samples; however, the relative amount of ubiquitinated GluA2 with respect to total GluA2 in the input was significantly increased in Cdkl5 deficient neurons suggesting again that GluA2 is marked for lysosomal degradation in the absence of Cdkl5.
Cdkl5 deficiency impairs AMPA-R surface expression
The above results show that loss of Cdkl5 influences the overall levels of GluA2. However, synaptic transmission is controlled by the number of AMPA-Rs that are exposed at the surface of the synaptic sites and GluA2 in particular plays an important role in regulating Ca 2þ permeability and currents (25) . We therefore found it relevant to analyse the effect of Cdkl5 deficiency on surface bound AMPA-Rs. Neurons silenced with the two Cdkl5 specific shRNAs or the control shLacZ were thus subjected to immunofluorescence analyses under non-permeabilizing conditions using antibodies raised against the extracellular epitopes of GluA1 ( Fig. 3A and B) or GluA2 ( Fig. 3C and D) . Staining for GFP and MAP2 was performed to detect infected neurons and dendritic segments, respectively. The quantification of the signal intensity of surface bound GluA1 (sGluA1) showed a modest but not significant reduction in sGluA1 staining in Cdkl5 silenced neurons (sh#1: 0.92 6 0.07, P > 0.05; sh#2, 0.93 6 0.09, P > 0.05); conversely, a more pronounced and statistically significant decrease was observed of surface bound GluA2 (sh#1: 0.72 6 0.03, P ¼ 0.0001; sh#2, 0.73 6 0.04, P ¼ 0.0001).
To get further support of this we used the highly sensitive cell surface biotinylation to label surface exposed AMPA-R subunits; biotinylated proteins were recovered from silenced neurons and analysed by WB in parallel with a fraction of the total cell extracts ( Fig. 3E and F). In line with the immunofluorescence studies, Cdkl5 silencing dramatically reduced GluA2 surface expression compared with the control (sh#2: 0.17 6 0.03, P < 0.0001). Interestingly, by means of this sensitive assay we also unmasked a modest deregulation in terms of GluA1 levels (sh#2: 0.57 6 0.11, P ¼ 0.0172). Interestingly, the GluA2/GluA1 ratio was significantly altered in Cdkl5 silenced neurons suggesting that loss of Cdkl5 leads to an altered subunit composition of surface exposed AMPA-Rs ( Fig. 3G ; sh#2: 0.31 6 0.06, P ¼ 0.0004). These data also combine with results collected by electrophysiology ( Fig. 3H-J) . Indeed, in order to address functional consequences associated with the absence of Cdkl5, primary hippocampal neurons were acutely silenced for Cdkl5 expression through transfection of a vector expressing shCDKL5#2 and GFP from a bicistronic cassette at DIV10 and the AMPA-R mediated currents quantified at DIV13. This short lasting Cdkl5-silencing allowed us to estimate the contribution of Cdkl5 removal exclusively at the post-synaptic site (GFP positive shRNA expressing neurons) leaving the pre-synaptic compartment normal (untransfected). Under these conditions we found were immunoprecipitated with anti-ubiquitin antibodies (Ubiq) and the immunocomplexes and the whole cell lysates (Input) were subjected to WB analysis and probed with anti-ubiquitin and anti-GluA2 antibodies. (E) Graph showing the quantification of ubiquitinated GluA2 in shLacZ and shCDKL5 treated neurons normalized to the precipitated ubiquitinated proteins and GluA2 levels in the input. Data are presented as mean 6 SEM. *P < 0.05; unpaired t-test (n ¼ 3). Statistical analysis: unpaired t-test; sh#2 versus shLacZ: **P < 0.01, ***P < 0.001. Fig. 3H and I) . These findings suggest a depletion of both GluA1 and GluA2 receptor subunits in response to the acute Cdkl5 silencing. Interestingly, analysis of kinetics (i.e. rise and decay tau) indicates that events at þ50 mV display a reduced decay tau where faster kinetics are typically associated with GluA2-lacking AMPA-Rs (26, 27) giving further support to the reduction of GluA2 (À70 mV: shLacZ 6.416 0.47 ms; sh#2 5.34 6 0.59 ms; þ50 mV: shLacZ 6.06 6 0.77 ms; sh#2 3.34 6 0.53 ms, P ¼ 0.004) (Fig. 3J) . All together, these data confirm a role of Cdkl5 in modulating the expression and surfacing of GluA1/2 containing AMPA-Rs.
Tianeptine restores AMPA-R levels and surface expression in Cdkl5 deficient neurons
Deranged AMPA-R expression has been linked to several neurological disorders including autism and epilepsy and their pharmacologic targeting is considered of high therapeutic relevance (28) . Tianeptine is a well-known antidepressant that has been shown to positively influence synaptic plasticity by stabilizing AMPA-Rs at the synaptic sites (20) . We therefore found it challenging to test the effect of tianeptine on AMPA-R expression in Cdkl5 silenced neurons and incubated silenced neurons with 10 mM tianeptine for 7 days from DIV11 to DIV18. Intriguingly, overall GluA2 and S880 P levels in Cdkl5 deficient neurons were normalized upon exposure to tianeptine and appeared similar to those of control neurons (GluA2: sh#2 0.47 6 0.10; sh#2 þ tia 1.07 6 0.27; S880 P : sh#2 2.27 6 0.26; sh#2 þ tia 1.34 6 0.20) (Fig. 4A and B) . Contrariwise, GluA1 levels were not significantly altered in tianeptine-exposed neurons. To understand whether tianeptine might influence also AMPA-R surfacing we decided to analyse the effect of treatment through the quantification of the number of GluA1 and GluA2 puncta. Such quantification appeared to be quite sensitive and allowed us to confirm the modest effect of Cdkl5 silencing on sGluA1 expression ( Fig. 4C and D) whereas, again, sGluA2 expression was strongly influenced (Fig. 4E and F) . Importantly, we found that tianeptine was capable of completely restoring the insertion of both AMPA-R subunits into the cell membrane (sGluA1: shLacZ 23. 
Discussion
In this study, we characterise a novel role of Cdkl5 in regulating AMPA-R expression. We show that loss of Cdkl5 leads to deranged expression and synaptic insertion of AMPA-Rs in primary cultures of hippocampal neurons. The most remarkable finding of our studies is the dramatic reduction of GluA2 expression, which is accompanied by a more subtle impact on GluA1 levels altogether leading to a net alteration of the specific subunit composition of surface exposed AMPA-Rs.
Cdkl5 influences AMPA-R expression, turnover and functional properties
AMPA-Rs mediate most fast excitatory neurotransmission and the number of AMPA-Rs in the synapses is directly linked to synaptic strength and synapse maturation (31) . Synaptic defects associated with the loss of CDKL5 have already been reported in different experimental models such as silenced neurons and Cdkl5-null mice but its effect on AMPA-R expression has not been characterized so far (11, 13) . Several neurological disorders including neurodegenerative and autism-spectrum disorders have been linked to AMPA-R dysfunctions (17) (18) (19) and the defective AMPA-R expression caused by CDKL5 deficiency is very likely to contribute to the cognitive defects characterizing CDD patients and mouse models. Whereas overall GluA1 expression is not significantly reduced in Cdkl5 depleted neurons, we find a strong reduction of GluA2 levels in neuronal lysates and immunostained neurons. As demonstrated through qPCR analyses, GluA2 downregulation in Cdkl5 deficient neurons is independent of its mRNA expression. Accordingly, we find that Cdkl5 knock-down leads to hyper-phosphorylation of S880 and increased GluA2 ubiquitination. Phosphorylation of S880 is known to be critical in controlling the fate of GluA2 by modulating its affinity for its PDZ-binding partners GRIP1/2 and PICK1 (21, 32, 33) . Specifically, upon PKC-dependent phosphorylation at S880, the affinity of GluA2 for GRIP1/2, which stabilises the surface expression of GluA2-containing receptors, is lost in favour of PICK1-binding that drives the receptor towards internalization in non-recycling compartments and/or towards lysosomal ubiquitin-dependent degradation. Alternatively, internalized GluA2 can be dephosphorylated by PP1 and/or deubiquitinated and redirected back towards the cell surface (22, 23) . The higher level of GluA2 S880 P and ubiquitination in Cdkl5 depleted neurons is indicative of an increased intracellular retention and subsequent lysosomal degradation of GluA2 containing AMPA-Rs that justifies the strong reduction in total GluA2 expression. How loss of Cdkl5 leads to increased GluA2 phosphorylation and ubiquitination is not clear: a role of CDKL5 in modulating PKC and/or PP1 activities as well as the ubiquitination system has not been described and the putative ubiquitin ligase that controls GluA2 ubiquitination has not yet been identified (23) . The only link so far reported between CDKL5 and ubiquitin is the ubiquitin ligase Mind Bomb 1 (Mib1) that was found to interact with CDKL5 regulating its levels and subcellular localization (41) .
Not surprisingly, the dramatic reduction in overall GluA2 levels is also reflected at the plasma membrane where surface exposed GluA2 levels are diminished. Interestingly, by means of a surface biotinylation assay and through the quantification of sGluA1 puncta, we could also detect a less pronounced but significant reduction in surface exposed GluA1. Surfacing and internalization of AMPA-Rs are regulated by subunit-specific rules that are mainly determined by the interaction of the distinct C-terminal tails with specific proteins. According to these rules, GluA1 mediates the synaptic delivery of heteromeric GluA1/GluA2 receptors whereas GluA2 governs their internalization (34) . It is thus plausible that the dramatic reduction of GluA2 influences GluA1 surface levels to some extent, even though we cannot rule out that CDKL5 deficiency may affect GluA1 surfacing independently of its effect on GluA2. Our findings are further corroborated by a significant reduction in the amplitude of AMPA-R mediated mEPSCs recorded at both À70 and þ50 mV. Interestingly, our electrophysiological results show a stronger impact of Cdkl5 deficiency on GluA2 containing AMPA-Rs as indicated by the kinetic properties of mEPSCs events at þ50 mV. All together, these results indicate that silencing of Cdkl5 leads to an unbalanced expression of synaptic AMPA-Rs towards a GluA2 lacking calcium-permeable form.
Implications of Cdkl5-dependent unbalance of AMPA-R
The specific subunit composition is critical for AMPA-R function. In particular, thanks to RNA-editing of the GluA2 mRNA, AMPA-Rs containing GluA2 are Ca 2þ impermeable (CI) and with a linear current-voltage relationship whereas those devoid of GluA2 are Ca 2þ permeable (CP) (35) . The dramatic depletion of GluA2 that we observe in Cdkl5 silenced neurons is thus expected to alter significantly calcium homeostasis in excitatory spines. Calcium conductance in these spines may thus be increased and, consequently, lead to an unhampered and detrimental calcium entry influencing intracellular signalling pathways. Of note, kinome profiling studies revealed an altered activity of kinases involved in synaptic plasticity (i.e. PKC, PKA, and protein kinase D) (4) . Further studies are needed to clarify whether there is a functional link between these data. An unbalanced subunit composition of AMPA-R composition at the PSD may have important implications also for LTP. Indeed, during LTP induction (early phase) there is a rapid and transient incorporation of GluA2-lacking AMPA-Rs whilst the maintenance (late phase) requires the insertion of GluA2-containing receptors at the synaptic sites (36) . The apparent impairment of Cdkl5 deficient neurons in stabilizing GluA2 containing receptors at the PSD may thus affect the late phase of LTP. Accordingly, while LTP induction was not diminished in cortical slices of Cdkl5-null mice, its maintenance was compromised (13) .
Interestingly, overexpression and silencing studies have demonstrated a specific and direct correlation between the presence of GluA2 containing AMPA-Rs at synaptic sites and the formation and maturation of dendritic spines (37) . Similarly, even if conflicting data exist, most data converge on a role of Cdkl5 in promoting dendritic spine maturation and their stability. Indeed, loss of Cdkl5 causes an increased number of immature dendritic spines, which is accompanied by reduced number of PSD-95 and Homer clusters, reduced dendritic spine stabilization, defective excitatory activity and impaired LTP (11) (12) (13) 30) . In line with these studies we also observe in our experimental model a reduced number of PSD-95 puncta upon silencing of Cdkl5. It is thus tempting to speculate that Cdkl5 may influence PSD-95 clusters and spine maturation through its strong influence on GluA2 expression. On the other hand, it should be kept in mind that PSD-95 acts as a key regulator of synaptic plasticity by stabilizing AMPA-Rs at the synaptic site through its interaction with the stargazine/TARP proteins (38) ; this raises the possibility that a Cdkl5 dependent deregulation of PSD-95 could lead to the observed AMPA-R defects. Previous reports have established a functional link between PSD-95 and Cdkl5. The interaction of Cdkl5 with palmitoylated PSD-95 was suggested to anchor this kinase at the synaptic sites whereas Cdkl5-mediated phosphorylation of NGL-1 was found to promote the PSD-95/NGL-1 interaction (11, 12) . A further comprehension of the direct interactors and phosphorylation substrates of Cdkl5 in dendritic spines is still needed to improve our understanding of the primary defect(s) leading to the severe derangement of the glutamatergic post-synaptic machinery characterizing neurons devoid of Cdkl5. Such knowledge is particularly important for revealing effective druggable targets and designing new successful therapeutic strategies. The presence of Cdkl5 in dendritic spines and the fact that its local synthesis and degradation are finely tuned in an activity-dependent manner (10) suggest that it may directly target and regulate various post-synaptic proteins.
Tianeptine efficiently reverts Cdkl5-dependent spine defects
The pharmacological targeting of AMPA-Rs constitutes an important goal for various neurological disorders (28) . On that basis, we focused our attention on tianeptine, an antidepressant with structural similarities to the tricyclic antidepressant agents but with different pharmacological properties (39) . Extensive studies revealed that tianeptine has no significant binding affinity for classical anti-depressant drug-directed targets (i.e. 5-HT receptors, dopamine receptors, adrenoceptor, glutamate receptors and monoamine transporters) (40) even if it has been reported to act as an agonist of the l-opoid receptor (MOR; 42). Tianeptine appears to exert its therapeutic action by modulating glutamatergic neurotransmission. Specifically, tianeptine can potentiate AMPA-R signalling by activating CaMKII and PKA via the p38, p42/44 MAPK and JNK pathways, and by increasing the phosphorylation of GluA1 at serine-831 and -845 (43) . Moreover, tianeptine can regulate the trafficking and synaptic content of AMPA-Rs through a CaMKII-and stargazindependent mechanism that requires the phosphorylation of stargazin and the interaction of the AMPA-R/stargazin complex with PDZ scaffold proteins such as PSD-95 (20) . At the molecular level, phosphorylation of stargazin promotes the stargazin/PSD-95 interaction, which in turn recruits and immobilizes AMPA-Rs at post-synaptic sites (44) . Functionally, electrophysiological studies showed that tianeptine increases excitatory postsynaptic currents in hippocampal neurons (45) and reverses stress-induced impairment of LTP (46) . Interestingly, we found that tianeptine treatment rescued GluA2 expression in Cdkl5 silenced neurons. Even though the underlying molecular mechanisms are still unknown, we hypothesize that this increase may rely on an increased synaptic retention of GluA2 containing AMPA-Rs that would otherwise be internalized and degraded. This model is in agreement with the concomitant decrease of S880 phosphorylation that we observed in tianeptine treated neurons. Importantly, besides rescuing the overall levels of GluA2, we also found that tianeptine normalized the number of GluA2 and PSD-95 puncta, suggesting that this drug may have an overall positive effect promoting dendritic spine maturation and synaptic activity in Cdkl5 deficient neurons. Considering that tianeptine acts as a MOR agonist it is worth mentioning that other MOR agonists, such as morphine, have been reported to promote AMPA-R internalization (47) . We thus consider likely that the tianeptinemediated effect on Cdkl5 deficient neurons is MOR independent.
Tianeptine possesses a unique pharmacological profile that makes it an interesting drug for various neurological disorders. The drug has been used as an antidepressant for over 30 years and its outstanding clinical tolerance is well known (48) . In addition to its antidepressant effects, clinical benefit was demonstrated with tianeptine improving cognitive performance in cognitively impaired depressed patients (49, 50) . Of relevance, notwithstanding its effect in facilitating AMPA-R signalling, tianeptine was not found to increase seizure frequency when tested in epileptic patients (51) . Moreover, tianeptine has also been found to have neuroprotective effects in part by downregulating calpain, a Ca 2þ -activated protease that causes the degradation of various synaptic proteins (52, 53) . Recently, tianeptine was found capable of improving the respiration phenotype in a mouse model of Rett syndrome (54) and, based on our findings, we propose that future studies should be undertaken to test the therapeutic potential of tianeptine for CDD.
Materials and Methods

Ethical statement
Protocols and use of animals were approved by the Animal Ethics Committee of the University of Insubria and in accordance with the guidelines released by the Italian Ministry of Health. Adult mice were euthanized by cervical dislocation, while neonates were sacrificed by exposure to CO 2 followed by decapitation.
Antibodies and reagents 
Primary neuronal cultures
Primary hippocampal cultures were prepared as described previously (9) . Silencing of Cdkl5 expression was obtained infecting neurons 5 h after plating. Recombinant lentiviruses were produced as described elsewhere (55); the Cdkl5 targeting sequences were shCDKL5#1: CTATGGAGTTGTACTTAA, shCDKL5#2: GTGAGAGCGAAAGGCCTT. A shLacZ construct directed against b-galactosidase was used as control.
Pharmacological treatments
Tianepetine treatment of primary hippocampal neurons was performed from DIV11 adding the drug to the conditioned medium at the final concentration of 10 lM and replenished every second day till DIV18 when neurons were harvested for further analysis.
Real time PCR
Total RNA was isolated from primary hippocampal neurons (DIV18) using TRIzol Reagent (Life Technologies) according to the manufacturer's instructions. cDNA was synthesized from 500 ng of RNA using iScript Select cDNA Synthesis Kit (Bio-Rad) and 1/20th of the reverse transcription reaction was used for quantitative real-time PCR using SYBR Select Master Mix (Applied Biosystems) and a BioRad/MJ Research Chromo4 realtime cycler. Each sample was assayed in triplicate. The data were analysed using the DDCt method. A melting curve was automatically generated for each sample and confirmed that a single amplicon was generated in each reaction. Primers were: Cdkl5: forw. TTCCCAGCTGTTAACCATCC; rev. AAGGAGACCGG TCCAAAAGT; GluA2: forw. AAGGAGGAAAGGGAAACGAG, rev. CCGAAGTGGAAAACTGAACC; Gapdh: forw. ATTGTCAGCAATGC ATCCTG, rev. ATGGACTGTGGTCATGAGCC.
Western blotting
Primary neurons were lysed directly in Laemmli buffer and a volume corresponding to approximately 10 mg of proteins was separated by 8-10% SDS-PAGE.
Immunoprecpitation
Primary neurons were harvested in ice-cold PBS containing 10 mM N-ethylmaleimide (NEM), then centrifuged at 100g for 15 min at 4 C. The resulting pellet was lysed in ice-cold RIPAbuffer (150 mM NaCl, 1% Triton X-100, 0, 5% deoxycholate, 0, 1% SDS, 5 mM EDTA, 20 mM Tris-HCl pH 7.4) supplemented with protease inhibitor cocktail (Sigma Aldrich) and 10 mM NEM. The soluble fraction was cleared by centrifugation and the protein content of the supernatant was evaluated using the BCA Protein Assay (Thermo Fisher Scientific). Cell lysates corresponding to 250 lg of protein were mixed with 3 lg of anti-ubiquitin antibody and 30 ll of slurry protein A/G PLUS-agarose (Santa Cruz Biotechnology) and incubated overnight at 4 C.
Cell surface biotinylation
Primary neurons were washed with HBSS-glucose (1%) and incubated with EZ-link sulfo-NHS-SS-Biotin (Thermo Fisher Scientific) (0.75 mg/ml in HBSS-glucose) for 25 min at 4 C.
Unreacted biotin quenched with 1% BSA/HBSS-glucose for 10 min at 4 C. After washing, the neurons were lysed in RIPAbuffer (50 mM Tris-HCl pH8, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium-deocycholate, 0.1% SDS supplemented with protease inhibitor cocktail (Sigma Aldrich) for 1 h at 4 C on a rotating wheel. A 200 mg of clarified lysates were incubated with UltraLink Streptavidin beads (Thermo Fisher Scientific) in RIPA-buffer for 2 h at 4 C and cell-surface biotinylated proteins recovered by centrifugation, washed in RIPA-buffer and analysed by WB.
Immunofluorescence
Primary hippocampal neurons plated on glass coverslips were fixed with 4% paraformaldehyde/PBS with 4% saccharose at DIV15-18 for 15 min and incubated with blocking solution (PBS, 5% horse serum, 0.2% Triton X-100) for 1 h. The addition of 0.2% Triton X-100 was omitted for the staining of surface-expressed GluA1 and GluA2. Incubation with primary Abs was performed over night at 4 C in a humidified chamber; after washing in PBS neurons were incubated with secondary Abs for 1 h at room temperature. Coverslips were mounted with ProLong Gold antifade reagent (Molecular Probes) and images captured at an Olympus BX51 Fluorescence microscope equipped with Retiga R1 (QImaging) CCD camera. Fluorescence quantifications were performed with Image J software.
In vitro electrophysiology
Recordings of excitatory post-synaptic potentials in miniature (mEPSCs) were recorded clamping the voltage at À70 mV and þ 50 mV at room temperature (20-25 C) in the presence of the following drugs: 1 mM TTX, 10 mM bicuculline, 100 mM APV and 1 mM strychnine. Whole-cell voltage clamp recordings were obtained using the Multiclamp 700A amplifier (Molecular Devices) and pClamp-10 software (Axon Instruments, Foster City, CA, USA 
Statistical analyses
All values are expressed as the mean 6 SEM. The significance of results was evaluated by Student's t-test, one-way ANOVA followed by Dunnett's or Tuckey's multiple comparison test when appropriate.
